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ABSTRACT 

Tne mobility of micron-size powders of refractory and noble metals in 

uo2 1vas investigated under isothermal and temperature gTadient conditions, The 

metal particles were initially placed between two polished surfaces of uo2 and 

any movement which occurred during high temperature annealing was determined 

microscopically, Tungsten and molybdenum particles 1 to 10 pm in diameter were 

immobile in uo2 at 2500°C in a temperature gradient of 1400°C/cm. Ruthenium, 

however, dissolved into and spread through hypostoichiometric, polycrystalline 

urania and was found after isothermal annealing as the U-Ru intennetallic 

compotmd in the grain boundaries of t11e oxi(lc, 111e mechanism does not involve 

bodily motion of the metal particles. Rather, ruthenium dissolves 1n the 

grain bmmdaries of the oxide, migrates as atoms via the same pathway, and 

reacts while migrating to fonn URu3 , This pToduct g r·m-vs as layers in th; 

grain boundaries, Isothennal n1thenium spreading follmJcd silnple diffu:;ion 

theory, and appaTent solubilities and effective di±fusivitics were obtained 

from the data for the temperature nmge 2000 to 2300°C. In a temperature 

gradient, ruthenium moves to the hot zones of 002; the mcchonism appears to 

be the same as found for isothermal spreading, but th; extent of movement 

up the temperature gradient cannot be c:x:plained by simple diffusion theory, 

even with an appreciable Soret effect. 

This manuscript was printed from originals provided by the author. 





I INTRODUCTION 

Oxide nuclear fuels irradiated to high burnup 

metallic fission products (1-7), These inclusions consist 

molybdenum and ruthenium, with sma11er quantities of tcchnetiurn, 

and rhodium, O:casionally uranit:nn has been identified in 

The uranium is probably present as the intermetal1ic compound 

(ivl "' Ru, Rh, or Pd), which is the thermodynamically preferred state 

noble metals in uo2 or (U,Pu) o2 of sufficiently low oxygen 

inclusions take the fonn of particles with diameters less 

are found in the equiaxed and columnar grain regions of 

large ingots of the metallic fission products arc found attached to 

of the central void of Lf\1FBR fuels, It is widely believed 

lOHS, 

move up the temperature gradient in much the same way as ion bubbles, 

that is by a surface diffusion mechanism (8), D' i\rmucci et aL (9) 

uniform distributions of Ru and Mo inclusions in uo2 ::mu examined 

behavior in a radial temperature gradient created by res ive 

specimen. They found that the small particles had sufficient mobi1i to 

coalesce into larger ones, but there was no eviclcncc of biased 

temperature gradient. Michels and Pocppcl (1 0) etched sections 

mixed oxide fuel and observed trails behind metallic 1on 

lcs 

up 

these trails were taken to represent the pnths of tllC meta] 

temperature gradient' and their lengths prov idccl cstimatcs or 

velocities. 

inclusion 

order to obtain a clearer picture nf the mol:lility sol 

inclusions in uo2, we have stuclh:d the be11avior of 

initially located on an interior phmc in a oc2 pellet both 
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conditions and in an axial temperature gradient, In addition to the geometry 

of the initial dispersion of metal particles in the ceramic, our experiments 

differ from those of D1 Annucci et, aL (9) in the oxygen environment. 

Oxygen potentials sufficiently low to reduce urania were achieved. In this 

respect the present tests simulate conditions in the central zone of a 

mixed oxide fuel pin rendered oxygen-deficient by thennal redistribution. 

I I EXPERIMENTAL 

A, Specimen Preparation 

Sintered uranium dioxide pellets were obtained from the General Electric 

Company (Vallecitos Laboratory) 1vith a density 98% of the theoretical value 

and an average grain size of 15 Jlffi, TI1e pellets were L 2 on in diameter and 

approximately the same height. A wafer rv 1 mm thick was sliced from a pellet 

and all end faces of the pellet and wafer we-re polished with a series of 

abrasives terminating with 6 ]JTil diamond poste. Care was taken to maintain the 

faces paralleL The pellet and the wafer were later rejoined with a layer of 

metal powder in between, 

The metals used to simulate the fission product inclusions were tungsten, 

molybdenum and ruthenium, 1\mgsten was d1oscn even though it is not a fission 

product because it was available as spherical particles in the 3 - 6 ]Jlll diameter 

range, The molybdenum and ruthenium powders were irregularly-shaped and tended to 

clump together when deposited on the uo
2 

snrf:1cc. Fignrc J s11ows typical deposits 

on the polished pellet face, A uo2 l\'atcr IK1S placed on top of the metal deposit 

to complete the specimen assembly. 

B. Isothermal Sihtering 

The pellet-wafer assembly with the metal particle layer was loaded 

into the sintering yoke shown in Fig, 2, 'I11is unit functioned as a type of 

hot-pressing apparatus, and had the following objectives: L To reduce the 

oxide to a stoichiometric or slightly hypostoichiometric state by heating in 

hydrogen. The metal particles tended to oxidize and disperse if specimens 



vvere directly heated in a vacuum without the reduction 

metal particles firmly in the uo2 matrix and to te 

the pellet and the interface. Incomplete closure of this 

have impeded motion of the metal particles in subsequent 

testing, 3, To remove some of the porosity in the oxide. 

gradient, the porosity migrated to the hot face of the 

2" ·ro sea 

produced a gap and a corresponding heat transfer 

attainment of high temperatures, 

111e assembly was loaded compressively while at room turc 

tightening the tantalum nut in the molybdenum yoke shown 2. 

was then suspended inside a resistance furnace where it was 

for 10 - 36 hours at temperatures between 2000 and 2300°C 

temperatures, differential thermal expansion of the oxide 

metal yoke increased the compressive stress. Figure ~5 a 

pellet-wafer interface following the treatment outlined above. 

particles are seen to be well-embedded in the uo2 and the gap 

eliminated. 

c. }emperature Gradient FUrnace 

lt 

TI1e pellet-wafer assembly, sintered Hith ttmgsten or molybdenum J!OVJder 

as describec1 above, Has loaded into the tungsten crucible :i Tl 

ivhen testing ruthenium particles in a temperatuTe gradient J 1 

sintering step was omitted foT Teasons expl<dned later 0 The 

in Fig. 4 consisted of a tube and top lid fabdcated of by 

vapor deposition. The lid had a spark-cut hole for temperature mcnc;urcment. 

The pellet-wafeT assembly fitted ir1to the tube with a :'SO ]Jm 

After inserting the specimen and rhenium foil separator, 

was electron-beam welded to the bottom of the tube, 
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The crucible containing the specimen was inserted into a thenna1 

gradient furnace in which the top lid of the crucible was heated by 

electron bombardment in a vanmm and the bottom of the uo2 pellet was 

cooled by a refractory metal rod. A thennocouple pressed against 

pellet bottom and an optical pyrometer sighted on the hole in the top 

lid provided information from which the temperature distribution in 

the specimen was calculated by the HEATING-"5 code. 

A tight radial fit of the uo2 specimens in the crucible was 

automatically assured by differential thermal expansion, which 

eJjminated the small original radial gap. Even though the uo2 

specimen was pressed into the crucible by a yoke-type arrangement 

similar to that sho'Wl1 in Fig. 2 for the isothermal tests, performance 

of early versions of the apparatus was marred by the formation of 

void space between the upper uo2 surface and the tcmgsten lid. 1his 

gap was shaped like a spherical indentation in the top of the uo2 and 

was nearly 1 mm deep on the axis. However, contact betHecn uo2 and 

tungsten was good at the comer where the lid joined the tube. The 

volume of the gap corresponded roughly to the residual porosity of the 

uo2 (including incomplete closure of the pellet-wafer interface) which 

experienced temperatures above rv2000°C during the experiment. Because 

of radiation from the sides, the ttmgstcn 1 id cJose to the axis 1vas 

hotter than the peripheral zones, Consequently the porosity moved 

towards the axis in addition to moving upwarcls and so the void formed 

in t11e shape of a spherical segment. Numer:ical analysis of the 

temperature,distribution in the crucible, with radiant heat 

across the gap, indicated a > 200°C temperature drop between the bottom 

of the tungsten lid and the top uo2 surface, 'I11 is thermal limitation, 

plus the fact that the gap was so deep that the metal pm·Jelcr 1 ncnr 



the axis was exposed by formation of the void~ was 

following measures: L using a tungsten crucible 

of 1.14 mm instead of the original value of 0. 4 rrnn; 2 .. 

electron beam filament so that the periphery rather than 

the tungsten lid was heated; 3. placing radiation shields 

top of the tungsten lid. These measures tended to 

temperature gradients in the uo2 ~ so that the gap was created more 

uniformly over the top uo2 surface. TI1is redistribution of 

formed by pore migration reduced the depth of the gap on s to 

1/10 of what it had been previously. 'I11e gap, l1owcvcr, no! 

entirely eliminated. 

Additional details of the experimental procedure can 

Ref. 11. 

III 11IERMAL GRADIENT Al\INEALING OF CONTAININC AND l\10LYBlJEt~UN! 

Several uo2 pellet-wafer assemblies containing tungsten or molybdenum 

powder were prepared and tested as described in the prcvjous sect 

the thermal gradient annealing, the temperature measured in the Ln 

tungsten lid was varied from 2400 to 2800°C Hhile the of 

part of the uo2 was bet1veen 1100 and 1200°C, The temperature grr1dients In 

the tests were between 1000 and 1400°C/cm and the <Jt p-l <:me 

the metallic inclusions was between 2100 and 2500°C, rf11C 

varied fran 8 to 36 hours. FolloHing the thermal g-:radient 

Has cut longitudinally and the cross section examined by 

the extent of migration of the metal particles. 

TI1e position of the origin<1l layer wns cnsily recogni 

of 

to 

em 

test~·J 

micrographs because rv 95% of the pn:rticlcs experienced no blc movement; 

there was no evidence of systematic biased displacement 

the original plane, TI1e fev,.r particles which were not on 



were found a few tens of microns away from it, mostly in the direction of the 

hot part but occasionally tm~~ards the cool part of the sample. 5 g 

a typical view of the region near the original interface after tr1ennal gradient 

treatment. The metal particles (white spots) which are not on the line 

representing the original plane were probably displaced because of asperities 

in the as~polished surfaces or because of local plastic deformation of tl1e 

specimen while at high temperature. According to the surface diffusion 

mechanism of displacement in a thermal gradient (8), a particle 5 11m :in 

in a temperature gradient of 1300°C/cm at 2500°C should have moved 800 1nn 

12 hours. This calculation includes a heat transfer resistance 

metal sphere and the ceramic as suggested by Michels and Poeppel (10). Our 

negative results clearly indicate that direct application of 

developed for small bubbles in uo2 does not apply to refractory metal 

particles in the same medium. Clearly it is imtppropriate to use the 

surface diffusion coefficient of UOz to represent mobility of uo2 molecules 

in the interface with a metaL The absence of movement of micron-size solid 

metal inclusions in a temperature gradient is consistent with the findings of 

D' Armucci et aL (9), but does not agree with Michels and Poeppel' s 

interpretation of their observation of inclusion motion in irradiated fuel (10), 

Because theirs was an in-pile experiment, neither the thennal history of the 

fuel nor the composition of the metal phase could be controlled as closely as 

in a laboratory experiment. Uncertainties in l)oth the fuel temperature 

migration and in the melting point of the inclusions raise the possibil 

that the inclusions were liquid and not solid. If this 1>Jere the case, mobility 

could have been due to transport of uranitnn throw;h the inclusion rather 

in the interface as required by the surface diffusion mechanism. 

IV ISOTIIffiMAL ANI\Tf~LING OF CONTAINING RUHIENIUM 

Uranium dioxide specimens containing a plane of nJtl1enium powder were 



isothermally sintered by the procedure described in Sect s!nter-~ 

ing temperature never exceeded the melting point of ruthenium 

annealing, the specimen was removed fran the sintering yoke 

parallel to the original plane of metal powder 'tvas polished and 

optical microscope, x-ray fluorescence, and electron microprobe. 

was repeated a number of times, each polishing operation removing SO 100 

microns, until the region within 1000 ).Jffi on both sides of the 

of metal powder had been examined, As seen in Fig. 6, a white 

nearly encapsulating the uo2 grains was fmmd at distances 

original interface. Electron microprobe analysis showed that 

contained uranium and ruthenium, but their ratio could not be 

accurately because of insufficient spatial resolution of the 

No ruthenium was detected within the uo2 grains, 

An additional experiment was conducted to determine whether tbe ruthenium 

inclusions migrated as entities or whether the mechanism was one of solution 

of ruthenium in uo2 followed by diffusion in atomic form, To clarify 

the ruthenium powders were replaced by a ruthenium disk ("' 0.076 on thick). 

After a high temperature anneal, essentially the same type of ruthenium 

migration pattern as shown in Fig. 6 was observed. Since the 

could not break up into small particles, ruthenium must dissolve UO') 

and migrate as atoms. 

In order to determine whether the diffusion process occurred 

boundaries or in the uo2 crystal lattice, ruthenium powder ~;1as 

two uo2 single crystal wafers and the assembly wns mmcah;d 

L, 

2250°C for 12 hours. Post-anneal microscopy rcvcn1ec1 that csscnt lly no 

at 

point 



ruthenium had penetrated the uo2 single crystaL The experiment 

that the dissolution and diffusion in the polycrystalline ceramic occurred 

through the 5rain boundaries, 

Analysis of the surface after each polishing step by x~-ray fluorescence 

gave the average ruthenium-to-uranium atan ratio over an area of"' 1 on
2

. 

This ratio equal to the volumetric Ru/tJ ratio, so that the ruth~niun 

concentration distribution normal to the initial plane of metal was 

A typical distribution is shown in Fig. 7, in which the solid curve 

the solution to the diffusion equation for an inexhaustible plane source into 

an infinite medium (12): 

C(z,t) = C erfc [z - zo] 
0 2v1ff 

(1) 

where C(z,t) is the ruthenium/uranium ratio at distance z from the original 

(visual) interface at time t. TI1c qu::mtitics C:
0 

and D nrc the apparent 

solubility and effective diffusivity of ruthenium in uo2 , respectively. 

For each isothermal annealing experiment of the type repn,sented by Fig. 

7 the ruthenium distribution was fHted to Eq (1) by choosing values 

of C , D and z which provided the best fit to the data points. In all 
0 0 

cases the data were nearly perfectly syrnmctTic about the visual interface. 

Fitting by Eq (1) gives the symmetry position z
0 

implied by the ruthenium 

concentration distribution data, which was never different from the visual 

interface by more than 50 ]Jill, 
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Table 1 summarizes the results of this c1ata 

the seven experiments performed. All but No. 8-15 utilized two or 

specimens, each containing ruthenium metal powder, ~which vvere am1ca 

taneously in the apparatus shown in Fig. 2. Occasionally 

difficulties resulted in the loss of one specimen in ::1 group (Nos" 1! 

and 11-7). Experiment 7-14 was conducted with molybdenum s 

tube and separator) in contact with the uo2 specimens. 'l11e 

experiments employed tungsten hardware throughout. 'fhe 

stack Fig, 2 were usually protected by rhenium Joils .. 

tv.ro experiments (11-7 and 11-12), the bottom specimen in the ~vas 

contact with the molybdenum yoke, In the other experiments, 

represent replications, The table also shows the effective d 

apparent solubilities of ruthenium in uo2 deduced from the 

distributions of the 13 specimens contained in the seven experiments. The 

last colunm of the table gives numbers Hh:ich are proportion;Jl to tl1c sum of 

the squares of the deviations of the theoretical curve frcRn cncll 

and are measures of the goodness of the fits. These numbers show 

fit seen in Fig, 7 is about average for the lot. 

The effective diffusivities from Table 1 are plotted 

in Fig. 8. There a clear separation of the values of n 

experiments in which the uo2 contacted only tungsten and those in 

contninmcnt metal was totally or partially molylxlcmmL Tn the Form: 

the pre-exponential factor D
0 

and the activation energy Ed are 160 

128 kcal/mole, respectively, for the data with ttmgstcn encapsuJat (1 b) 



and 0.3 cm2/s and 83 kcal/mole for specimens in contact with molybdenum (line a), 

TI1e apparent solubilities plotted Fig. 9, on the other hand, show no 

dependence on the container metal and can be represented by: 

10 C = 7xl0 exp (-147,000/RT) 
0 

(3) 

The major features of the results of our experiments which differ from those 

of the two previous studies of the same phenomenon (9, 10) are: 1. The dissolution 

of micron-size particles of pure ruthenium in uo2 and transport by grain boundary 

diffusion in the oxide, and 2. The re-appearance of the ruthenium in the 

boundaries as a metal phase in conjunction with uranium. 

Of the many known U-Ru intermetallic campunds, URu3 is especially stable 

(13, 14) and is probably what we observed in the grain boundaries of the uo2 

specimens after isothennal annealing. This campmmd (in conjunction with the 

Rh and Pd analogs) has been found in irradiated oxide fuels as well (4,15). The 

conditions required for the formation of URu3 are determined by the thermochemistry 

of the reaction: 

(4) 

which leads to the relation (11) : 

X 

0 0 1 [ -
L'.GfURu = l'.GfUO + 7 l'.Go dx' 

3 2 0 2 
(5) 

where L'.G~JRu and 6G~UO are the standard free energies of formation of URu3 (13) 
3 2 

and uo2 (16), respectively, and 6G0 is the o:A.'Yge'n potential of uo2_x· Since 
2 

the latter is a known function of stoichiometry x and temperature T (17), Eq. (S) 

gives the critical 0/U ratio (for specified temperature T) at which Ru and lJRu
3 

coexist in uo2 . If the oxide is more hypostoichiometric than the critical -x 

composition, URu3 is the stable form; for 0/U ratios larger than the critical 
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value, elemental ruthenium stable" Solution of Eq" (5) gives 0/U 

ratios of L 999 at 2020 K and L 990 at 2450 K" 

The observation of a U~ Ru compound in the annealed spec:imens 

implies that the urania was substantially hypostoichiometric 

ments. Although the experiments were conducted in a reducing (4% II 2 

in Ar), the refractory metal fittings which contained the spec 

were probably primarily responsible for the reduction of the 

of the refractory metal container over the hydrogen atmosphere 

The dominance 

oxide is supported by the observation of URu3 in specimens annealed in vacuunL 

Since the intermetallic compmmd forms only in hypostoichiometric 

only reductant present in the vacuum experiments was the 

is implicated as the oxygen sink. Although high-temperature 

indicate that stoichiometric uo2 cannot oxidize Mo to 1>1o0
2 

at the 

the experiments in this study, the o:A;gen potential of the metal 

ta 

less o:A;gen than the tenninal solubility value for the Mo/Mo02 couple could be 

lower than that of uo2. For example, the oxygen potential of a metal with an 

I'D oxygen concentration fo of the tenninal saturation value would, a.t z:;oo K, be 

rv'fb kcal/mole lower than that of the metal-metal oxide couple, that 

of 

Sievert's law applied to oxygen solution the metaL Given the large ratio of 

refractory metal to urania in the apparatus of Fig. 2, it is very like 1 y 

refractory metal hardware was not saturated with oxygen and was rc 

of appreciable urania reduction without achieving the tennina1 :)olubil 

For the range of temperatures shown in Table 1 (2060 to 2300 °C) 

solubility varies from 0"2 to 0. 7 atom percent (18), The mass of 

capable 

1 

metal in the hot zone of the furnace in the present experiments was "" ~'iOO g 

the mass of two uo2 pellet wafer specimens was "" 20 g, If the 

was oxygen-free at the start and the urani8 initially stoichiometric, saturation 
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of the metal with oxygen would result reduction of the 0/U ratio of the 

specimens to L 90 at 2060 °C and L 68 at 2300 °C, These large 

are never achieved because as oxygen is transferred from the uo2 to the 

metal, the oxygen potential of the former falls and that of the latter 

rises, Using available thermodynamic data for uo2 and for the -x 

Mo/Moo2 couple at 2060 °C, the oxygen potentials of the ceramic and metal 

phases are equal when the urania has been reduced frorr1 an 0/U of 2. 00 to 

L 999 and the initially oxygen-free metal has absorbed rv J2% of terminal 

solubility oxygen content. Post-anneal stoichiometries were determined 

measuring the specimen weight gain following several hours of contact 

an HzO/Hz gas mixture (dew point of 7. 5 °C) at 1300 oc (19). The 0/U 

ratios of samples 7-14 (molybdenum encapsulated) and 9-12 (ttmgsten encapsulated) 

were 1. 996 and 1. 998, respectively. These deviations from stoichiometry are 

not large, probably because the stepwise polishing operation 

~na~ 



used to obtain the ruthenium distribution in the specimens water as a 

lubricant and because the specimens had been r 

between the experiment and the 0/U measurement. Nonetheless? 

are at least hypostoichiometric and the one \vhich had 

molybdenum hardware is more so than the one held in tungsten 

'The arguments presented above are consistent with 

formation in the experiments of D' Jl.nnucci et aL (9). 

consisted of a stack of uo2 pellets c1amped at the ends of 

for resistance heating. The sides of the pellet 

a metaL The environment in this system was much 

so the absence of URu3 formation in D' .Annucci' s experiments 

The basic picture of the ruthenium interaction with 

from the evidence presented above is as follows. 

1. During annealing, the uranitm1 d:ioxide spec-imen, J.:_) 

hyverstoichiometric at the start, reduccx1 by oxygen absorption by 

metal container. During this initial stage of reduction, the 

sufficiently hypostoichiometric to permit URu3 formation. 

dissolves and diffuses in the grain bmmdnries of tl1c oxicle. 

capacity of the grain boundaries for storing foreign atoms, 

during this stage is not detectable experimentally. 

t·~,()fl 

ours, 

s 

not 

some 

sma1] 

2, When the 0/U ratio of the specimen reaches the cr ica J va luc, urn 

ln the grain boundaries starts to react with uranitml in the no2 . to 
>X 

3. As the reaction procecxls, URu3 layers build up the 

the oxide (Fig. 6), TI1e reaction supplied with n1thcnium ell 

this element from the source plane along the interface between t 

layers and the shrinking uo2_x gTains. 'l11e growth of 

either by the kinetics of the foward reaction of Eq. (4) or by 

of 

eli 





in the URu3;uo2_x interface; these are sequential steps 1n 

ion diffusion :ih the urania lattice not because 

occurs at the URu3;uo2_"X interface. The oxygen liberated by 

diffuses into the bulk uo2 from which it 
-"X 

sink. 

removed by 

4, URu3 formation continues as long as the original 

lS not exhausted and as long as the refractory metal sink 

maintaining the stoichiometry of oxide below the 

model implies, ro1d microscopic observation confirms, 

are thickest near the original plar1e of n1thenium pmvder. 

crystal structure, and like the pure noble metals, is P'robably 

to oxygen. Thus, once a sufficiently thick layer of UHu'7 
,) 

uo2 , the reaction ceases because there -x no longer any means 

the reaction product oxygen. 111e reaction-blocking effect 

leads to an apparent "solubility" of ruthenium in urania, TI1:is ' 

does not depend on the type of refractory metal which conta 

which determines only how rapidly the UT<t.:~ 3 layers grmv. Jn con ro 

observations, the model predicts that the apparent solubility (C ) 
0 

the same for both container metals. However, the more 

by molybdenum leads to more widespread URu3 pTocluction in the 

appeaTs as a larger effective diffusion coefficient (D), 

use of Eq. (1) does not mean that the app<1Yent solubility or cf 

diffttsivi ty apply to the actual physical proces5cs which the names 

pseudopropeTties C
0 

and D contain influences of all of the 

involved in the transport of ruthenium the oxide, including 

boundary diffusion, oxygen absorption by the refractory meta 

13·· 

(4) 

with the 



kinetics and thermodynamics of reaction (4), and the permeability of lJRu3 

to o:A'Ygen, Fitting the ruthenium penetration by Eo,. (1) is analoQous . (.) 

to describing rare gas diffusion in solids with trapp.ing or carbon 

diffusion in austenite with carbide precipitation by effective diffusion 

coefficients. Such parameters may be useful correlation constants, but 

they mask the complexity of the actual processes contributing to the 

transport. 

V. THERMAL GRADIFJIT .ANNEALING OF uo2 CONTAINING RU1Hc'l\JHJM 

In order to investigate the trcmsport of ruthenium in uo2 in a 

temperature gradient, several rutheniurn··loaclcd uo2 specimens contained 

the crucible of Fig. 4 were tested in a "'cemperature gr;:;.dienL 11le 

experimental procedure was that described in Section II except for onission 

of the isothermal sintering step. TI1e temperature gradient anneals lasted 

from 12 to 36 hours. The uo2 samples were removed from the crucible then 

polished and analyzed by x-ray fluorescence in the same manner as applied 

to the specimens from the isothermal anneals. Visual examination of the 

polished surfaces of the specimens from the thermal gradient experjJnents 

revealed ruthenium in the grain boundaries in the fonn shown in Fig. 6. 

However, the URu3 inclusions were concentrated in the central portion of 

the uo2 rather than spread lmiformly over the entire radius as was found in 

the isothennal annealing e:x.-peyrnents. This phenomenon was probably by 

the presence of a radial as well as an axial temperature gradient. 11w 

radial nonuniformi ty of the Ru/U ratio lvas averaged out by the large 

detection area of the x-ray :fluorescence spectrometer. 

A typical ruthenium uistribution from the temperature gradient 

tests as shown in Fig. 10. The asymmetry of this distribution with respect to 

the initial source plane could arise from two phenomena, First, the temperature 



dependence of the diffusion coefficient favors ruthenium penetration of the hot 

side of the specimen, Second, the thennal diffusion effect (with a negative 

Soret coefficient) would augment the asymmetry arising from the temperature 

dependence of the diffusion coefficient. To determine if the simple 

effective diffusivity model which successfully correlated the isothennal 

per1etration data could also fit the distributions obtained in a temperature 

gradient, the following equations was solved numerically: 

~tc , a j D (T) [ ac + cg; d'I] ( 
a dz 8z RT (fz ) 

with C(z, O) = 0 

C(z
0

, t) = C
0 

C (oo, t) = 0 

where D(T) is the effective diffusivity given by Eq. (2) and C
0 

(6) 

the apparent 

solubility at the temperature of the source plane. Figure 11 shows three 

solutions of this equation. The solid cmve neglects thermal diffusion and 

assumes that ordinary diffusion is not activated. This is just the symmetric 

solution given by Eq. (1). The dotted cuTve neglects themal diffusion but 

takes the diffusion coefficient fran line b of Fig. 8 , 1ne dashed curve adds 

thermal diffusion with Q* = - 100 kcal/mole to the computation" The results 

shown in Fig. 11 indicate that neither of the effects intnxluced by the 

presence of the temperature gradient alter the symmetric concentration 

distribution significantly. Clearly, modifying the s:imple effective diffusion 

model to account for a temperature gradient fc:lils to reproduce even qualitatively 

the marked asymmetry of the experimental dat::1 in Pig. 10 , particularly the 

maximum in the Ru/U ratio at the position nearly 200 )Jm removed fran the 

source plane. 
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VI. CONCLUSIONS 

Testing of micron-size tungsten and ruthenilun particles in uo2 under 

isothennal or temperature gradient conditions has revealed the following 

behavior. 

1. Tungsten (or molybdenum) particles of 1 to 10 ~m diameter do not 

,migrate in uo2 when subjected to a temperature gradient of "" 1400°C/cm at 

a temperature of "" 2500°C. 

2, Ruthenium particles react with hypostoichiometric urania to produce an 

intennetallic compound which probably URu3. The reaction occurs with 

slinultaneous spreading of the ruthenium reactant through the urania. 'fhe 

mechanism is believed to involve diffusion of elemental ruthenium in the grain 

boundaries of the ceramic with simultaneous reaction to produce free oxygen 

and the U/Ru intermetallic compound. The URu3 product grows as a layer in 

the grain boundaries where the reaction occurs and the oxygen liberated by 

the reaction diffuses rapidly through the oxide to the refractory metal 

container. TI1e reaction stops locally when the grains become coated with a 

layer of URu3 which prevents removal of the oxygen product. Despite the 

complexity of the mechanism, the isothermal spreading of ruthenium from an 

initial source plane can be satisfactorily modeled as a simple diffusion 

process. 

3. The behavior of ruthenilun in uraniun dioxide subject to a temperature 

gradient is characteTized by significant movement of ruthenium to the hot 

zones of the ceramic. Transport is also accompanied by formation of the U/Ru 

intermetallic compound. Ruthenium spreading in urania in a temperature gradient 

cannot be rationalized by a simple diffusion model, even with a substantial 

Soret contribution. 
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